F
or construction of the bacterial flagellum, which is an organelle for motility, most of the flagellar component proteins are transported to the distal end of the flagellar structure by the flagellar type III export apparatus. The export apparatus consists of the six membrane proteins FlhA, FlhB, FliO, FliP, FliQ, and FliR and the three soluble proteins FliH, FliI, and FliJ (1-3). These component proteins share substantial sequence and functional similarities with those of the type III secretion system of animaland plant-pathogenic Gram-negative bacteria, which directly injects effectors into their host cells for their invasion (4) . In addition, FliH, FliI, and FliJ are evolutionally related to major components of F 1 -ATPase (5-7). Genetic analyses have shown that FliH, FliI, FliJ, and FliO are not essential for flagellar protein export because flagellar assembly occasionally occurs in their absence (8) (9) (10) (11) (12) .
The six membrane proteins are thought to form a protondriven export gate at the flagellar base (11) . The C-terminal cytoplasmic domains of FlhA (FlhA C ) and FlhB (FlhB C ) provide the docking sites for FliH, FliI, FliJ, flagellar chaperones, and export substrates (13) (14) (15) (16) (17) . FliI is a Walker-type ATPase (18) and forms a stable FliH 2 -FliI complex with FliH (19) . The FliH 2 -FliI complex, along with FliJ, binds to export substrates and chaperone-substrate complexes in the cytoplasm (20) (21) (22) and efficiently recruits them to the FlhA C -FlhB C platform of the export gate through specific interactions of the extreme N-terminal region of FliH with a C-ring protein FliN (23) (24) (25) and with FlhA (26) . The export gate utilizes proton motive force (PMF) across the cytoplasmic membrane as an energy source and drives protein translocation into the central channel of the growing flagellar structure (11, 12) . The interaction of FliJ with FlhA brought about by FliH and FliI turns the export gate into a highly efficient PMF-driven export apparatus (27) . Interestingly, it has been shown that FliJ increases the binding affinity of FlhA C for the FliT-FliD chaperone-substrate complex, suggesting that FliJ modulates the binding properties of FlhA C or provides an additional binding site for the FliT-FliD complex in close proximity to the export gate (16) . These observations suggest that FliJ and FlhA play an important role in the energy coupling mechanism for flagellar protein export.
FliJ is a small protein consisting of 147 amino acids. The C-terminal half of FliJ is sufficient for its interaction with FliH, and the in-frame deletion of residues 101 to 110 shows the most severe effect on the FliJ-FliH interaction, suggesting that this deleted region forms important part of the FliH binding site (28) . In-frame deletion of residues 13 to 24 of FliJ significantly weakens the interaction with FliI, suggesting that the N-terminal region of FliJ contains a binding site for FliI (27) . Residues 20 to 50 and 60 to 100 of FliJ are involved in the interaction with the flagellar substratespecific chaperones FlgN and FliT, respectively (29) (see Fig. S1A in the supplemental material). In-frame deletion of residues 13 to 24 in FliJ reduces its binding affinity for FlhA. However, extragenic suppressor mutations in FliH or FliI significantly improve the interaction of FliJ(⌬13-24) with FlhA. Because these suppressor mutations do not affect the FliH-FlhA or FliI-FlhA interaction at all, residues 13 to 24 in FliJ may not be directly involved in the interaction with FlhA (27) . Therefore, the FlhA binding site of FliJ remains obscure.
The crystal structure of FliJ adopts an antiparallel coiled coil structure composed of two long ␣-helices: ␣1 and ␣2. A wellconserved, surface-exposed region of FliJ is between the C-terminal region of ␣1 (residues 38 to 49) and the N-terminal region of ␣1 (residues 72 to 83) and is formed by Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83, which are highly conserved among FliJ orthologues (see Fig. S1B and C in the supplemental material). The crystal structure of FliJ is considerably similar to that of the two-stranded ␣-helical coiled coil part of the ␥ subunit of F 1 -ATPase. FliJ promotes FliI ring formation by binding to the center of the ring in a way similar to the antiparallel ␣-helical coiled coil formed by the N-and C-terminal regions of the ␥ subunit penetrating into the central cavity of the ␣ 3 ␤ 3 ring (7). Interestingly, structure-based sequence alignment of FliJ and the ␥ subunit has revealed that the well-conserved region of FliJ corresponds to the ␥ subunit surface involved in the interaction with the ε subunit of the bacterial F 1 -ATPase (the ␦ subunit in the bovine mitochondrial F 1 -ATPase) (7) . This raises the possibility that this conserved surface of FliJ is involved in the interaction with its binding partner(s). In order to identify the FlhA binding site of FliJ, we performed genetic analysis of eight highly conserved, surface-exposed residues-Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83-of FliJ (see Fig. S1B and C in the supplemental material) (7) . We show that the F72A and L76A mutations significantly reduce the binding affinity of FliJ for FlhA. We also show that the F72A and L76A mutations are tolerated in the presence of FliH and FliI but considerably reduce the export activity of a ⌬fliH-fliI flhB(P28T) bypass mutant, which can form some flagella even in the absence of FliH and FliI.
MATERIALS AND METHODS
Bacterial strains, plasmids, DNA manipulations, and media. The bacterial strains and plasmids used in the present study are listed in Table 1 . DNA manipulations, site-directed mutagenesis, and DNA sequencing were carried out as described previously (34, 35) . L broth (LB) and soft tryptone agar plates were prepared as described previously (13, 36) . Ampicillin and chloramphenicol were added to LB at final concentrations of 50 and 30 mg/ml, respectively. Secretion assays. Salmonella enterica cells were grown with shaking in 5 ml of LB at 30°C until the cell density had reached an optical density at 600 nm (OD 600 ) of ϳ1.2. To test the effects of the ⌬pH component of PMF across the cytoplasmic membrane on flagellar protein export, the cells were washed twice with motility buffer (10 mM potassium phosphate, 0.1 mM EDTA, 10 mM sodium lactate) and resuspended in 5 ml of the motility buffer at pH 6.0 or 7.5, followed by a 1-h incubation at 30°C with shaking. Cultures were centrifuged to obtain cell pellets and culture supernatants. Cell pellets were resuspended in an sodium dodecyl sulfate (SDS)-loading buffer, normalized to a cell density to give a constant amount of cells. The proteins in the culture supernatants were precipitated by 10% trichloroacetic acid and suspended in a Tris-SDS loading buffer. The samples were heated at 95°C for 5 min. After SDS-PAGE, Coomassie brilliant blue (CBB) staining or immunoblotting with polyclonal anti-FlgD antibody was carried out as described before (36) . Detection was performed with ECL Western blotting detection reagents (GE Healthcare).
Motility assays. Fresh colonies were inoculated onto soft tryptone agar plates and incubated at 30°C.
Purification of GST and GST-FliJ. The soluble fractions prepared from SJW1368 (⌬cheW-flhD) expressing glutathione S-transferase (GST) or GST-FliJ were loaded onto a glutathione-Sepharose 4B column (GE Healthcare). After a washing step with phosphate-buffered saline (PBS; 8 g of NaCl, 0. Purification of His-FlhA C . His-FlhA C was purified by Ni-NTA affinity chromatography as described previously (13) .
Pulldown assays by GST affinity chromatography. The soluble fractions were prepared from the ⌬fliH-fliI flhB(P28T) bypass mutant transformed with pGEX-6p-1 (GST) or pGEX-6p-1-based plasmids encoding various forms of GST-FliJ and then loaded onto a glutathione-Sepharose 4B column whose bed volume was 1 ml. Purified His-FlhA C were mixed with purified GST, GST-FliJ, or various point mutant variants of GSTFliJ. These mixtures were dialyzed overnight against PBS at 4°C with two changes of PBS and then loaded onto the glutathione column (bed volume, 1 ml). After the column was washed with 10 ml of PBS, the proteins were eluted with 50 mM Tris-HCl (pH 8.0) and 10 mM reduced glutathione. The eluted fractions were analyzed by both CBB staining and immunoblotting with polyclonal anti-FlhA C antibody.
To analyze the FliJ-FliI interaction by pulldown assays, the soluble fractions prepared from SJW1364 (⌬flhDC-cheW) expressing GST, GSTFliJ, GST-FliJ(F72A), or GST-FliJ(L76A) were mixed with those from the ⌬flhDC-cheW mutant transformed with pMM1702 (His-FliI) and loaded onto the glutathione column (bed volume, 1 ml). After the column was washed with PBS, the proteins were eluted. The eluted fractions were analyzed by CBB staining and immunoblotting with polyclonal anti-FliI antibody.
Purification of FliI and FliJ and ATPase activity measurement of FliI. Details of the expression and purification of FliI and FliJ have been described previously (7, 33) .
The ATPase activity of FliI was measured at 37°C with an enzyme- coupled ATP-regenerating system using a spectrophotometer V-630BIO (Jasco) as described previously (37) . The ATPase reaction mixture contained 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 4 mM Na-ATP, 4 mM MgCl 2 , 2 mM phosphoenolpyruvate, 50 mg of pyruvate kinase/ml, and 50 mg of lactate dehydrogenase/ml. NADH was added to the reaction mixture when its density had reached an OD 340 of 1.0 to 1.2. ATP hydrolysis by FliI was started by addition of purified FliI alone or a mixture of purified FliI and FliJ at a molar ratio of 6:1 to the reaction mixture. The ATP activity was calculated from the rate of oxidation of NADH monitored at 340 nm. Model building of the FliI 6 -FliJ ring complex. The structural model of the FliI 6 -FliJ complex was built by fitting the crystal structure of FliI (PDB ID, 2DPY) and FliJ (PDB ID, 3AJW) onto the ␣ 3 ␤ 3 ␥ structure of bovine mitochondrial F 1 -ATPase (PDB ID, 1BMF). Fitting of FliI to the ␣ 3 ␤ 3 ring was previously described (6) . FliJ was divided into three segments: the upper segment (residues 31 to 87), the middle segment (residues 17 to 30 and residues 88 to 101), and the lower segment (residues 1 to 16 and residues 102 to 136). Each segment was separately fitted onto the corresponding region of the ␥ subunit with a program LSQKAB in the CCP4 package (38) . The three segments were then manually connected with a graphic program Coot (39) .
RESULTS

Inhibitory effect of GST-FliJ on flagellar protein export.
FliJ is known to interact with many flagellar proteins involved in the export process (13, 23, 28, 29) . It has been shown that FliJ exerts a strong inhibitory effect on flagellar protein export by a Salmonella wild-type strain, but it remained unknown which components are titrated away by overexpression of FliJ (13) . To find the binding partner(s), we carried out pulldown assays by GST affinity chromatography (Fig. 1) . When wild-type FliJ was added in trans, the motility of a ⌬fliJ mutant was restored. However, GST-FliJ failed to recover the motility of the ⌬fliJ mutant (Fig. 1A, left panel) . Consistently, only a very small amount of the hook-capping protein FlgD was observed in the culture supernatants (Fig. 1A , right panel, lane 8). We obtained the same results with other flagellar proteins, such as FlgE (the hook protein), FliK (the hook-length control protein), FlgK (the first hook-filament junction protein), FlgL (the second hook-filament junction protein), and FliC (flagellin). These results indicate that the GST tag considerably abolishes the export function of FliJ. When GST-FliJ was expressed in wild-type cells, the motility was significantly reduced compared to that of the wild-type overexpressing GST alone (Fig.  1B, upper panel) . In agreement with this, the overexpression of GST-FliJ significantly reduced the levels of FlgD, FlgE, FliK, FlgK, and FliC secreted by wild-type cells (data not shown). GST-FliJ also inhibited the motility of the ⌬fliH-fliI flhB(P28T) bypass mutant (Fig. 1B, lower panel) . These results indicate that GST-FliJ exerts the strong inhibitory effect even in the absence of FliH and FliI.
It has been shown that an increase in the ⌬pH component of PMF across the cytoplasmic membrane stimulates the export activity of the export gate in the ⌬fliH-fliI flhB(P28T) bypass mutant (27) . Therefore, we analyzed the ⌬pH dependence of protein export by the ⌬fliH-fliI flhB(P28T) bypass mutant overexpressing GST-FliJ (Fig. 1C) . A downward shift of external pH from 7.0 to 6.0, which increased the ⌬pH component (data not shown), increased the levels of FlgD secreted by the bypass mutant overexpressing GST alone (Fig. 1C, lanes 5 and 6) , in agreement with a previous report (27) . GST-FliJ significantly reduced the FlgD secretion levels at both external pH values of 6.0 and 7.0 but did not affect the ⌬pH dependence of the protein export (Fig. 1C, lanes 7 and 8). These results suggest that GST-FliJ may compete against FliJ expressed from the chromosome in the interaction with a component of the export gate, thereby causing the reduction in the PMF-driven export activity of the gate.
Because GST-FliJ binds to FlhA (27), we investigated whether the strong inhibitory effect of GST-FliJ on the protein export results from the binding of GST-FliJ to FlhA. Whole-cell lysates were prepared from the ⌬fliH-fliI flhB(P28T) bypass mutant overex- pressing GST alone or GST-FliJ, followed by GST affinity chromatography (Fig. 2D ). FlhA coeluted with GST-FliJ from a GST column but not with GST alone. Because the overexpression of GST-FliJ significantly reduced the secretion levels of flagellar proteins, we suggest that the reduced PMF-driven export activity of the export gate may be a consequence of the binding of GST-FliJ to FlhA.
Structural model of the FliI 6 -FliJ ring complex. The FliI ring structure is observed at the flagellar base by electron cryotomography (40) . FliI and FliJ show extensive structural similarity to the ␣/␤ subunits and the ␥ subunit of F 1 -ATPase, respectively (6, 7). FliI assembles into a homohexamer to fully exert its ATPase activity (32, 41) . The crystal structure of an ADP-bound form of FliI has revealed that ADP binds to the P-loop of FliI in a way similar to that found in the ␣/␤ subunits, suggesting that FliI and F 1 -ATPase share a similar catalytic pathway for ATP hydrolysis (6) . FliJ binds to the C-terminal region of the C1 ␣-helix of FliI, which corresponds to the region of the ␤ subunit where the ␥ subunit interacts in the F 1 -ATPase structure, and forms a FliI 6 -FliJ ring complex with FliI (7). The electron cryomicroscopic image analysis of the FliI 6 -FliJ ring complex has shown that FliJ is located at the center of the FliI hexameric ring (7). These observations strongly suggest that the structure of the FliI 6 -FliJ complex closely resembles the F 1 -ATPase structure. Eight highly conserved, surface-exposed residues of FliJ-Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83-have been identified (see Fig.  S1B and C in the supplemental material). Interestingly, Tyr45, Tyr49, and Phe72 are also conserved between FliJ and the ␥ subunit (7). To investigate whether these conserved residues are exposed to solvent on the surface of the FliI 6 ring, a structural model of the FliI 6 -FliJ ring complex was built using the F 1 -ATPase structure as a template (Fig. 2) . In this model, FliJ penetrates into the central hole of the FliI hexameric ring in a way similar to the ␣-helical coiled coil region of the ␥ subunit in the ␣ 3 ␤ 3 ring in F 1 -ATPase ( Fig. 2A and B) . Residues 31 to 91 of FliJ stick out of the FliI ring, and these conserved residues are located in this region (Fig. 2C) .
Effect of FliJ mutations on the interaction with FlhA. The structural model of the FliI 6 -FliJ ring complex predicts that a wellconserved surface formed by Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83 extends out of the FliI hexameric ring (Fig. 2C) . To test whether the conserved surface of FliJ provides a binding site for FlhA, we replaced each conserved residue with alanine except for Ala79, which was replaced with serine, and first tested whether these mutations affect the dominant-negative effect of GST-FliJ on motility of the wild type (see Fig. S2 in the supplemental material) and the ⌬fliH-fliI flhB(P28T) bypass mutant (Fig. 3) . These mutations did not affect the protein stability of GST-FliJ ( Fig. 3A and see Fig. S2A in the supplemental material). When GST-FliJ(Q38A), GST-FliJ(L42A), GST-FliJ(Y45A), GSTFliJ(Y49A), GST-FliJ(A79S), and GST-FliH(H83A) were added in trans, they still showed an inhibitory effect on the motility of the wild type (Fig. S2B ) and the ⌬fliH-fliI flhB(P28T) bypass mutant (Fig. 3B) . Interestingly, the inhibitory effect of GST-FliJ(L42A), GST-FliJ(Y45A), GST-FliJ(Y49A), and GST-FliJ(A79S) on the motility of the bypass mutant was much stronger than that of GST-FliJ (Fig. 3B) . In contrast, the F72A and L76A mutations suppressed the inhibitory effect of GST-FliJ on the motility (Fig. 3A and see Fig. S2A in the supplemental material).
To test whether these FliJ mutations affect the interaction with FlhA, we prepared whole-cell lysates from the ⌬fliH-fliI flhB(P28T) bypass mutant overexpressing point mutant variants of GST-FliJ and then performed pulldown assays by GST affinity chromatography (Fig. 3C) . The F72A and L76A mutations weakened the interaction of GST-FliJ with FlhA significantly, while the others did not.
FlhA C consists of a compactly folded core domain (FlhA C 38K) formed by four subdomains-D1, D2, D3, and D4 -and a flexible linker region (FlhA L ), which connects FlhA C 38K to the N-terminal integral membrane domain (FlhA TM ) with eight predicted transmembrane helices (15, 34, 42) . It has been shown that FliJ binds to FlhA L (16, 27) . To confirm that the F72A and L76A mutations reduce the binding affinity of FliJ for FlhA L , we analyzed the FliJ-FlhA C interaction in vitro (see Fig. S3 in the supplemental material). His-FlhA C coeluted with GST-FliJ from a GST column (lanes 3 and 4) but not with GST alone (lanes 1 and 2) , in agreement with a previous report (16) . The eluted amounts of HisFlhA C copurified with GST-FliJ(Q38A) (data not shown), GSTFliJ(L42A) (data not shown), GST-FliJ(Y45A) (lanes 5 and 6), GST-FliJ(Y49A) (lanes 7 and 8), GST-FliJ(A79S) (data not shown), and GST-FliJ(H83A) were essentially the same as that with GST-FliJ, indicating that these mutations do not affect the FliJ-FlhA C interaction at all. In contrast, the F72A and L76A mutations reduced the binding affinity of GST-FliJ for His-FlhA C (lanes 8 to 12) . These results suggest that Phe72 and Leu76 are involved in the interaction with FlhA C .
Effect of the F72A and L76A mutations on the export function of FliJ. We found that the FliJ(F72A) and FliJ(L76A) muta- tions significantly affected the interaction of FliJ with FlhA ( Fig. 3C and see Fig. S3 in the supplemental material). To investigate whether these two mutations cause loss of function, we analyzed the motility of a ⌬fliJ mutant expressing each of the FliJ point mutant variants in soft agar (Fig. 4A) . Immunoblotting with polyclonal anti-FliJ antibody revealed that these mutant FliJ proteins were as stable as wild-type FliJ (Fig. 4A, right panel) . When FliJ(F72A) and FliJ(L76A) were expressed from the plasmid, both of them fully restored the motility of the ⌬fliJ mutant (Fig. 4A, left  panel) . Consistently, the amount of FlgD secreted by these two fliJ mutants was detected at the wild-type level (Fig. 4A, right panel,  lanes 7 and 8) . These results indicate that the F72A and L76A mutations are tolerated.
FliJ requires the support of FliH and FliI to efficiently and properly interact with FlhA (27) , raising the possibility that FliH and FliI allow FliJ(F72A) and FliJ(L76A) to exert their export function. Therefore, we tested whether these two mutant FliJ proteins retain their function in the ⌬fliH-fliI flhB(P28T) bypass mutant background (Fig. 4B) . When wild-type FliJ was added in trans, the motility of the ⌬fliH-fliI-fliJ flhB(P28T) mutant was enhanced significantly (Fig. 4B, left panel) , in agreement with a previous report (27) . In contrast, the motility of the ⌬fliH-fliI-fliJ flhB(P28T) mutant strain expressing FliJ(F72A) or FliJ(L76A) was much poorer than that of the strain harboring the wild-type FliJ plasmid. Consistently, the secretion level of FlgD by these mutants was significantly reduced (Fig. 4B, right panel, lanes 7 and 8) . These results indicate that the mutated residues are critical for the function of FliJ in the absence of FliH and FliI.
Effect of the F72A and L76A mutations on the interaction with FliI. We found that FliJ(F72A) and FliJ(L76A) were functional in the presence of FliH and FliI but not in their absence (Fig.  4) . The structural model predicts that the F72A and L76A muta- The motility of the same transformants in soft agar was evaluated. The plates were incubated at 30°C for 7 h. (C) Pulldown assays by GST affinity chromatography. The soluble fractions (L) prepared from the above strains were loaded onto a GST column. After extensive washing with 10 ml of PBS, the proteins were eluted with a buffer containing 10 mM reduced glutathione. The eluted fractions were analyzed by CBB staining (upper panel) and immunoblotting with polyclonal anti-FlhA antibody (lower panel). tions may not affect the interaction of FliJ with FliI (Fig. 2) . To confirm this, we analyzed the effect of the F72A and L76A mutations on the FliJ-FliI interaction by pulldown assays (Fig. 5A ). FliI coeluted with GST-FliJ(F72A) and GST-FliJ(L76A) from a GST column, indicating that these mutations do not weaken the FliJFliI interaction significantly.
FliJ promotes FliI hexameric ring formation by binding to the center of the ring, thereby facilitating the FliI ATPase activity (7, 29) . To investigate whether the F72A and L76A mutations affect the ATPase activity, we measured the FliI ATPase activity in a mixture of FliI and mutant FliJ with a molar ratio of 6:1 using an enzyme-coupled ATP-regenerating system (37) . This molar ratio is used because FliI ring formation is significantly enhanced (7) . FliI alone displayed an ATPase activity of 0.26 Ϯ 0.03 U mg Ϫ1 FliI protein (Fig. 5B) . The FliI/FliJ mixture with a molar ratio of 6:1 displayed an ATPase activity of 1.24 Ϯ 0.23 U mg Ϫ1 FliI protein. The ATPase activities of the FliI/FliJ(F72A) and FliI/FliJ(L75A) mixtures were nearly the same as that of FliI/FliJ, indicating that these FliJ point mutant retained the ability to enhance the FliI ATPase activity. These results suggest that FliJ(F72A) and FliJ(L75A) retain the ability to facilitate FliI hexamer formation.
DISCUSSION
The crystal structure of FliJ shows extensive similarity to the antiparallel ␣-helical coiled coil formed by the N-and C-terminal regions of the ␥ subunit. A well-conserved, surface-exposed region of FliJ is formed by Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83 ( Fig. S1B and C) . Among these eight conserved residues, Tyr45, Tyr49, and Phe72 correspond to the residues of the ␥ subunit being involved in the interaction with the e-subunit in the bacterial F 1 -ATPase (7). However, it remained unknown which components of the flagellar export apparatus bind to this conserved surface of FliJ. Here, we analyzed this conserved surface of FliJ by mutational analysis combined with pulldown assays by GST affinity chromatography. GST-FliJ, which was nonfunctional (Fig. 1A) , exerted a strong dominant-negative effect on motility of and flagellar protein export by both the wild type and the ⌬fliH-fliI flhB(P28T) bypass mutant (Fig. 1B ). An increase in the ⌬pH component of PMF across the cytoplasmic membrane still stimulated the level of FlgD secretion by the ⌬fliH-fliI flhB(P28T) bypass mutant overexpressing GST-FliJ (Fig. 1C) , indicating that GST-FliJ competes against FliJ in the interaction with component(s) of the export gate and hence reduces the PMFdriven export activity of the gate. The negative dominant effect of GST-FliJ on flagellar protein export was substantially relieved by the F72A and L76A mutations but not by the remaining six mutations ( Fig. 3B and see Fig. S2B in the supplemental material) . The F72A and L76A mutations significantly reduced the binding affinity of FliJ for FlhA, while the others did not show any effect ( Fig. 3C and see Fig. S3 in the supplemental material). These results suggest that the reduced PMF-driven export activity of the export gate is a consequence of the binding of GST-FliJ to FlhA and that Phe72 and Leu76 of FliJ strongly contribute to the interaction with FlhA. Because it has been reported that the FliJ(1-73) and FliJ(74-147) fragments do not bind to FlhA (28), we propose that a well-conserved surface formed by Gln38, Leu42, Tyr45, Tyr49, Phe72, Leu76, Ala79, and His83 of FliJ provides a binding site for FlhA.
In-frame deletion of residues 13 to 24 of FliJ, which results in loss-of-function (10) , not only abolishes the interaction with FlhA but also weakens the interaction with FliI (27) . The in-frame deletion is located at the interface between FliJ and the C1 ␣-helix of FliI in the FliI 6 -FliJ complex (Fig. 4D) , explaining why the deletion weakens the interaction between FliJ and FliI. Extragenic suppressor mutations in FliH significantly recovers the interaction between FliJ(⌬13-24) and FlhA. These suppressor mutations do not affect the FliH-FlhA or FliI-FlhA interaction at all, suggesting that the pseudorevertants with the second-site mutations are compensating for the FliJ(⌬13-24) mutation by altering the binding interface between FliJ and FlhA (27) . The FliI ring structure has been visualized in situ by electron cryomicroscopy (40) . Because this in-frame deletion is buried inside of the FliI ring structure, we assume that this in-frame deletion may cause some misalignment of the conserved surface of FliJ relative to FlhA, significantly reducing its binding affinity for FlhA.
FliJ requires the support of FliH and FliI to properly and efficiently interact with FlhA (27) . Here, we showed that the F72A and L76A mutations do not affect the export function in the presence of FliH and FliI (Fig. 4A) . In contrast, these two mutations resulted in loss of function in the ⌬fliH-fliI flhB(P28T) bypass mutant background (Fig. 4B) . These results indicate that FliH and FliI overcome the reduced export function of FliJ(F72A) and FliJ(L76A). The F72A and L76A mutations affect neither the interaction with FliI nor the stimulation of the FliI ATPase activity (Fig. 5) . Therefore, these results suggest that FliH and FliI stabilize the weak interaction of FliJ(F72A) or FliJ(L76A) with FlhA, allowing these two FliJ mutant to work at the wild-type level.
FliJ binds to FlhA L connecting FlhA C 38K to FlhA TM (16, 27) . Mapping of the conserved residues on the ␥ subunit of the bovine mitochondrial structure showed that six of the eight conserved residues (Leu42, Tyr45, Tyr49, Phe72, Leu76, and Ala79) are located on the surface interacting with the ␦ subunit (the ε subunit in the bacterial F 1 -ATPase). Interestingly, the ␥ subunit residues corresponding to Phe72 and Leu76 of FliJ are also in close proximity to an ␣-helix of the ε subunit, which is unique to the bovine mitochondrial F 1 -ATPase. This raises the possibility that that Phe72 and Lue76 of FliJ interact with FlhA L in a manner similar to the ␥ subunit interacting with the ε subunit. The ε subunit of the bovine mitochondrial F 1 -ATPase is a small protein composed of about 50 amino acid residues with a helix-loop-helix structure (43) . FlhA L (residues 328 to 362) is unfolded in the crystal structure of the Salmonella FlhA C ; its N-terminal 19 residues (residues 328 to 346) are invisible, and the remaining 15 residues (residues 347 to 362) are in an extended conformation stabilized by the interaction with a neighboring molecule in the crystal packing (42) . FlhA L in the FlhA C crystals of Helicobacter pylori (44) and Bacillus subtilis (16) , however, adopts an ␣-helical structure. Therefore, it is possible that the FlhA L of the Salmonella FlhA C is folded into an ␣-helix when it interacts with FliJ.
